The mitochondrial and nuclear genomes coordinate and co-evolve in eukaryotes in order to adapt to environmental changes. Variation in the mitochondrial genome is capable of affecting expression of genes on the nuclear genome. Sex-specific mitochondrial genetic control of gene expression has been demonstrated in Drosophila melanogaster, where males were found to drive most of the total variation in gene expression. This has potential implications for male-related health and disease resulting from variation in mtDNA solely inherited from the mother. We used a family-based study comprised of 47,323 gene expression probes and 78 mitochondrial SNPs (mtSNPs) from n ¼ 846 individuals to examine the extent of mitochondrial genetic control of gene expression in humans. This identified 15 significant probe-mtSNP associations (P < 10 À8 ) corresponding to 5 unique genes on the mitochondrial and nuclear genomes, with three of these genes corresponding to mitochondrial genetic control of gene expression in the nuclear genome. The associated mtSNPs for three genes (one cis and two trans associations) were replicated (P < 0.05) in an independent dataset of n ¼ 452 unrelated individuals. There was no evidence for sexual dimorphic gene expression in any of these five probes. Sex-specific effects were examined by applying our analysis to males and females separately and testing for differences in effect size. The MEST gene was identified as having the most significantly different effect sizes across the sexes (P %10 À7 ). MEST was similarly expressed in males and females with the G allele;
Introduction
Human cells contain DNA from the nuclear and mitochondrial genomes. Mitochondria are responsible for generating most of a cell's supply of energy (adenosine triphosphate, ATP) for cellular processes via oxidative phosphorylation (OXPHOS). Over 1,000 proteins in the mitochondrial proteome are encoded by the nuclear genome, with the remaining mitochondrial proteins encoded by DNA on a circular, double-stranded haploid mitochondrial genome (mtDNA) that is inherited solely from the mother. In humans, mtDNA is approximately 16 kb in length and contains 37 genes encoding 13 polypeptides, 2 ribosomal RNAs and 22 tRNAs (1) .
The mitochondrial and nuclear genomes coordinate and coevolve in eukaryotes in order to adapt to environmental changes in species and populations (2, 3) . Studies have shown that variation in mtDNA is capable of affecting expression of genes on the nuclear genome that function to maintain homeostasis of normal cellular function. For example, a study of mitochondrial dysfunction and risk of type 2 diabetes mellitus (T2DM) found that two hybrid cell populations harbouring three mtDNA haplogroups that were previously found to be associated with increased and decreased risk of T2DM were normal for mitochondrial and cellular metabolism (4) . An examination of gene expression between the two cell populations found that hybrid cells that increase the risk of T2DM had a significantly lower expression of OXPHOS and were highly expressed for glycolysis when compared to hybrid cells that decrease the risk of T2DM. This indicates that mtDNA is affecting expression of genes on the nuclear genome in order to maintain normal cellular function, and may potentially influence disease status if their coordination is defective.
A study of Drosophila melanogaster found evidence for sexspecific mitochondrial genetic control of gene expression, where polymorphisms in mtDNA were found to affect expression of genes on the nuclear genome (5) . A disproportionately large number of these relationships were found in males compared to females, with most genes showing male-biased expression. These results suggest sex-specific effects in the mitochondrial genetic control of nuclear gene expression in Drosophila melanogaster, where males were found to drive most of the total variation in gene expression.
An examination of sex-specific mitochondrial genetic control of gene expression in humans is motivated by the implications for male-related health and disease (6) . Because mtDNA is inherited solely from the mother, natural selection favours variants on mtDNA that are neutral or beneficial to females, even if deleterious to males (7) . In particular, natural selection can be blind to variants on mtDNA that are harmful to males if these same variants do not have a deleterious effect in females.
This study investigates the extent of mitochondrial genetic control of gene expression in humans, and whether there are sex-specific effects as observed in other species.
Results
Mitochondrial genetic control of gene expression was examined in a family-based study comprising of 47,323 gene expression probes (three probes are located on the mitochondrial genome) and 78 mtSNPs (72 mtSNPs had frequency > 1% and 27 had frequency > 5%; see Excel table in the Supplementary Material) in n ¼ 846 individuals from 312 independent families (8, 9) . Individuals were verified for European ancestry through principal component (PC) analysis and comparison of PCs with those of HapMap3 populations. No individuals were excluded based on ambiguous European ancestry. A total of 3,691,194 probe-mtSNP pairs were tested for association in a linear mixed regression model, which accounts for sample structure with a genetic relatedness matrix (see Materials and Methods). The quantilequantile plot for expected versus observed P-values is shown in Figure 1 . As shown in Table 1 , a total of 15 probe-mtSNP associations achieved experiment-wide significance corresponding to five unique probes (k GC ¼ 1:02), with allele frequencies of the mtSNPs ranging from 0.02 to 0.14. Figure 2 illustrates the relationship between normalised gene expression intensity levels for each of the five probes versus the alleles of the top associated mtSNP. Similar plots using raw gene expression intensities are illustrated in Supplementary Material, Figure S1 . The significantly associated mtSNPs for each of the five genes were tested for replication in an independent dataset of n ¼ 452 unrelated individuals from the United Kingdom and The Netherlands in the Fehrmann cohort (10). Three genes (one cis and two trans associations) showed replication with P < 0.05 (Table 1) , and the top associated mtSNP for the signal peptidase complex subunit 2 (SPCS2) gene showed a nominal replication with P ¼ 0:06.
Of the five genes identified as being associated with mtSNPs, only the mitochondrially encoded cytochrome c oxidase II (MT-CO2) gene was located in the mitochondrial genome. A test for cross-hybridization with sequences other than the target transcript (see Methods and Materials) found that the mitochondrially encoded NADH:ubiquinone oxidoreductase core subunit 5 pseudogene 12 (MTND5P12) on chromosome 5 showed high similarity with sequences in the MT-ND5 gene on the mitochondrial genome, with 97.6% identity over the aligned region, 42 of 50 matching bps, and no gaps. The potential for crosshybridisation therefore makes it unclear whether the mtSNP is showing evidence for control of pseudogene MTND5P12 on the nuclear genome or the MT-ND5 gene on the mitochondrial genome. The remaining probe-mtSNP associations correspond to the signal peptidase complex subunit 2 homolog (S. cerevisiae) pseudogene 4 (SPCS2P4) on chromosome 1, the signal peptidase complex subunit 2 (SPCS2) gene on chromosome 11, and the adhesion G protein-coupled receptor G7 (ADGRG7) gene on chromosome 3, which indicate mitochondrial genetic control of gene expression on the nuclear genome. The test for crosshybridisation showed no evidence that these genes are crosshybridising with sequences on the mitochondrial genome. In particular, the test for cross-hybridisation revealed a robust relationship between these mtSNPs and gene expression on the nuclear genome even when substantially relaxing the detection criteria. For example, when reducing the matching criteria to only require a match as small as 25 base pairs with 90% identity, no sequence matches to the mitochondrial genome were found for any of the other three genes. Pearson phenotypic correlations of the normalised expression intensities across the probes ranged from q ¼ À0:08 to q ¼ 0:62, with correlations between SPCS2P4 and SPCS2 (q ¼ 0:62) and MTND5P12 and MT-CO2 (q ¼ 0:26) being the largest, and the remaining ranging from q ¼ À0:08 to q ¼ 0:06. We ruled out the possibility that each of the detected probe-mtSNPs associations on the nuclear genome were due to cis-eQTLs at the probe sites (results not shown). There was no evidence for sexual dimorphic gene expression in any of these five genes with P > 0.05 (results not shown).
Applying our analysis to n ¼ 428 males and n ¼ 418 females separately identified 10 probe-mtSNP associations with Figure 3 illustrates the intersections between the sets of significant probe-mtSNP associations from each dataset. As shown, 40% of the total number of associations from the combined analysis were driven by males (i.e. 6 of the 15 associations
were not significant in the female-specific analysis), while approximately 7% of the total number of associations from the combined analysis were driven by females (i.e. one of the 15 associations was not significant in the male-specific analysis). Despite this, however, if we observe the effect estimates for the male-and female-specific analyses in Table 1 (b, mal. and b, Table 1 . 15 probe-mtSNP associations had P < 1.35Â10 À8 corresponding to 5 unique probes. 10 probe-mtSNP associations were significant in a male-specific analysis, and 5 were significant in a female-specific analysis, with no new associations found. For convenience, we present effect sizes from the sex-specific analyses (b, mal and b, fem columns) with further details presented in Supplementary Materials, Tables S1 and S2 . Sex-specific effect sizes statistically significant with P < 1.35Â10 À8 are highlighted in bold fem. columns, respectively), we can see that the probe-mtSNP associations have the same direction of effect and are similar in magnitude across sexes. This suggests that these probes-mtSNP associations were not detected in the female-specific analysis at the P < 1.35 Â 10 À8 level likely due to the reduced power afforded by the split dataset.
Finally, there was no evidence for differences in effect sizes across all tested genes between the sexes from random-effect inverse-variance-weighted meta-analysis at a significance threshold of P < 1.35 Â 10 À8 (Supplementary Material, Fig. S4 ).
The smallest P-value corresponded to the association between the mesoderm specific transcript (MEST) gene on chromosome 7 and mtSNP MitoT4337C with nominal P ¼ 7:70 Â 10 À7 . MEST encodes a member of the alpha/beta hydrolase superfamily, and shows a preferential expression from the paternal allele. Females had an effect estimate of À1.13 and corresponding P ¼ 5:88 Â 10 À3 , while males had an effect estimate of 1.56 and corresponding P ¼ 1:27 Â 10 À5 . That is, on average, males with the C allele had higher gene expression levels than males with the reference allele, while on average, females with the C allele had a lower gene expression levels than females with the reference allele. Due to the low number of minor alleles, MEST showed no evidence for sexually dimorphic gene expression (P ¼ 0.75). Figure 4 illustrates the raw gene expression intensities of MEST by alleles for each sex, with a similar plot with the normalised gene expression intensities presented in Supplementary Material, Figure S5 . As shown, males and females with the G allele had very low expression with some outliers; however, males with the C allele are highly expressed for MEST, whereas females had low expression. MEST had mean raw expression intensity levels of 0.60 (SD: 3.16) across all individuals (n ¼ 846), and mean raw expression intensity levels of 0. 73 (SD: 3.34) and 0.46 (SD: 2.95) for males (n ¼ 428) and females (n ¼ 418), respectively. Expression of MEST in males with the G allele (n ¼ 420) and females with the G allele (n ¼ 412) showed similar mean expression intensities of 0.60 (SD: 2.83) and 0.46 (SD: 2.97), respectively; however, males with the C allele (n ¼ 8) are highly expressed for MEST with mean expression intensities 
Discussion
This study examined the extent of mitochondrial genetic control of gene expression in humans. We identified 15 probemtSNP associations corresponding to 5 unique genes, and replicated the mtSNP associations for three genes (one cis and two trans associations) in an independent cohort, indicating mitochondrial genetic control of gene expression on both the nuclear and mitochondrial genomes. No evidence was found for sexually dimorphic gene expression in any of these five probes. Sex-specific analyses found a larger number of probe-mtSNP associations in a male-only analysis; however, the effect estimates in the female-specific analysis were similar in direction of effect and magnitude compared to results from the malespecific analysis, suggesting that the disproportionality is likely due to the reduced power afforded by the split dataset. These results are in contrast with results observed in a study of mitochondrial genetic control of gene expression in Drosophila melanogaster, where it was found that 62% of differentially expressed genes were driven by males and had mostly male-biased expression (5) .
A comparison of effect sizes between the sexes for each probe-mtSNP association by random-effect inverse-varianceweighted meta-analysis did not reveal sex differences in the mitochondrial genetic control of the expression at the experiment-wide level; however, the top gene, MEST, is of interest because it is imprinted. MEST is a mesoderm-specific transcript that encodes a member of the alpha/beta hydrolase superfamily, where the paternal allele shows preferential expression in fetal tissues, and isoform-specific imprinting in lymphocytes (11) . In adult lymphocytes, isoform 1 is expressed only from the paternal allele, and isoform 2 is expressed from both the paternal and maternal alleles. Our results show that the mitochondrial genetic control of the expression of MEST through mtSNP MitoT4337C has sex-specific effects. While the expression of MEST for males and females with the G allele has similar expression levels, males with the C allele are highly expressed for MEST, whereas females with the C allele show no expression of the gene. Because mitochondria are transmitted solely from the mother and isoform 1 is expressed only from the paternal allele, our results indicate that mtSNP MitoT4337C may be involved in the silencing of the maternal allele in isoform 1 (11) .
Of particular interest is the evidence for mitochondrial genetic control of nuclear gene expression of SPCS2, a protein coding gene involved in the mitotic cell cycle pathway; pseudogene SPCS2P4, involved in biosynthesis of the N-glycan precursor and transfer to a nascent protein; and ADGRG7, which encodes for G protein-coupled receptor 128, a member of the adhesion G protein-coupled receptor family. Although these associations are quite strong (P < 10 À8 ), the biological reasonings for their association with polymorphisms on mtDNA is not clear. It should be noted that the mitochondrial genome is a recombination 'cold-spot' which restricts the localisation of causal variants through association given the phylogenetic structure of mtDNA (12) . A previous study of SNP tagging in whole mitochondrial genome showed that the linkage disequilibrium (LD) between mtSNPs is relatively low; however, the small, positive correlation between LD and distance gave no indication of mitochondrial recombination (13) . Thus, these reported associations do not necessarily imply causal relationships between any one particular mtSNP and variation in gene expression. Nevertheless, it is possible that these associations are an example of variation in mtDNA affecting expression of gene on the nuclear genome that function to maintain homeostasis of normal cellular function (4); however, functional genomic studies would need to follow in order to explore this further. This study provides evidence for the mitochondrial genetic control of gene expression of several genes in humans; however, little evidence was found for sex-specific effects as observed in previous studies in other species. Functional genomic studies may provide insight into the biological motivation for mitochondrial genetic control of genes on the nuclear genome observed in this study.
Materials and Methods

Study participants
The Brisbane Systems Genetics Study (BSGS) is a family-based study comprised of gene expression and genotype data from n ¼ 846 individuals of verified Northern European origin from 312 independent families (8, 9) . Families consisted of adolescent monozygotic (MZ) (n ¼ 131) and dizygotic (DZ) (n ¼ 301) twins, their siblings (n ¼ 91) and their parents. RNA was collected from whole-blood samples, with expression levels measured in 47,323 genome-wide probes using the Illumina HumanHT-12 v4.0 Beadchip. Individuals were genotyped using the Illumina 610-Quad Beadchip. Following standard QC filtering (including SNPs on the nuclear genome with Hardy-Weinberg equilibrium (HWE) test P < 10 À6 , genotyping call rate < 0.95, and minor allele frequency (MAF) < 0.01), 528,509 SNPs and 88 mitochondrial SNPs (mtSNPs) were available for analysis.
Gene expression normalisation and quality control
Variance stabilisation was carried out using the method of Huber et al. (14) , where true signal intensities were decoupled from background noise using the Bioconductor vsn package in R. Quantile normalisation was used to map the distribution of signal intensities to a standard distribution to allow for a comparison of signal intensities between probes. To account for known procedural variances (i.e. batch effects), gene expression levels for each probe were regressed on the chip ID, position on chip, and extraction date. Residuals from this analysis were carried forward as the corrected expression levels. Finally, a rank normal transformation was applied to further standardise the gene expression levels. A total of 47,323 gene expression probes were available for analysis.
Mitochondrial genotype and quality control
Quality control of mtSNP data included verifying homozygosity, and checking for errors in maternal inheritance where the child's genotype did not match the mother's or where there was variation within siblings. Ten mtSNPs were excluded with individual missingness > 5%, leaving a total of 78 mtSNPs available for analysis. Of these mtSNPs, 72 had frequency > 1% and 27 had frequency > 5% (see Excel table in the Supplementary Material).
Mitochondrial genetic control of gene expression
To investigate mitochondrial genetic control of gene expression, we modelled gene expression levels as a linear function of the presence or absence of the minor allele in a linear mixed regression model using the GCTA software package (15) . The model for gene i can be written as,
where, a is the mean expression, and b is the effect estimate for a fixed mitochondrial genotype covariate, X. To accommodate for mtSNPs in GCTA, mtSNPs were coded as 0 or 2 corresponding to the reference allele and minor allele, respectively. G is a random polygenic effect captured by a genetic relatedness matrix (GRM) calculated from 795,723 imputed autosomal HapMap3 SNPs filtered for MAF < 0.01 and HWE test P < 10 À6 ;
and e is the residual. The effect estimate, b, from model 1 can be interpreted as twice the difference in expression levels between the two homozygous alleles. We calculated a likelihood ratio test statistic to assess significance. A P-value was calculated from a v 2 -distribution with one degree of freedom. We accounted for multiple testing for both the number of mtSNPs and the number of probes using the Bonferroni method in this and subsequent analyses. Significance was defined as P < 1.35 Â 10
À8
(i.e. 0.05/(78 Â 47,323)). Significant probes from the above analysis were tested for cross-hybridisation with sequences other than the target transcript using BLAST (16) . In particular, we were interested in probes that were cross-hybridising with sequences on the mitochondrial genome. We considered strong evidence for crosshybridising if probes sequences had 90% identity over the aligned region, at least 40 of 50 matching bps, and no gaps.
Further, probes showing evidence for mitochondrial genetic control were tested for sexually dimorphic gene expression. Using a model similar to equation 1, we modelled gene expression levels as a linear function of male or female status. Here, b is the effect estimate for a fixed sex covariate, X, where males are coded 0 and females are coded 1, and can be interpreted as the difference in gene expression levels across the sexes. We used the Wald statistic, calculated as the square of the effect estimate divided by the square of the standard error, to assess significance. A P-value was calculated from a v 2 -distribution with one degree of freedom. Sex-specific effects of mtSNP on gene expression were examined by applying model 1 to males and females separately. Differences in effect sizes were compared by random-effect inverse-variance-weighted meta-analysis of each probe using the METAL meta-analysis package (17) . The Cochran Q-statistic with corresponding p-value was used to test for heterogeneity between the effect estimates of each mtSNP between the sexes. A significant P-value would suggest that effect estimates is different across the sexes.
mtSNP-probe replication set
We sought replication of the mtSNP associations for each gene identified in the mitochondrial genetic control of gene expression analysis in an independent dataset of n ¼ 452 unrelated individuals from the United Kingdom and The Netherlands in the Fehrmann cohort (10) . Some of these individuals are patients, while others are healthy controls. Briefly, RNA was isolated from whole peripheral blood, with gene expression levels quantified using the Illumina HT12v3 platform, described in further detail in (10) . Raw expression intensities were normalised using a log 2 transformation, and were centred, scaled and corrected for the first 20 principal components. Individuals were genotyped using Illumina 610 Quad platform. QTL mapping was performed as outlined in (18) .
Data Access
Gene expression from the BSGS and Fehrmann datasets are available on the NCBI Gene Expression Omnibus (GEO) (http:// www.ncbi.nlm.nih.gov/geo/) under accession numbers GSE53195 and GSE20142, respectively.
Supplementary Material
Supplementary Material is available at HMG online.
